In a recent paper by Hooper and Goodenough, data from the Fermi Gamma Ray Telescope was analyzed and an excess of gamma rays was claimed to be found in the emission spectrum from the Galactic Center Region. Hooper and Goodenough suggest that the claimed excess can be well explained by 7-10 GeV annihilating dark matter with a power law density profile if the dark matter annihilates predominantly to tau pairs. In this paper we present such a dark matter model by extending the MSSM to include four Higgs doublets and one scalar singlet. A Z 2 symmetry is imposed that enforces a Yukawa structure so that the up quarks, down quarks, and leptons each receive mass from a distinct doublet. This leads to an enhanced coupling of scalars to leptons and allows the model to naturally achieve the required phenomenology in order to explain the gamma ray excess. Our model yields the correct dark matter thermal relic density and avoids collider bounds from measurements of the Z width as well as direct production at LEP. *
I. INTRODUCTION

Recently, Hooper and Goodenough examined the first two years of Fermi Gamma Ray
Space Telescope (FGST) data from the inner 10
• around the Galactic Center [1] . They found that the gamma ray emissions coming from between 1.25
• and 10
• of the Galactic Center
is consistent with what is expected from known emission mechanisms such as cosmic rays colliding with gas to produce subsequently decaying pions, inverse Compton scattering of cosmic ray electrons, and known gamma ray point sources. In order to model the gamma ray background within 2
• of the Galactic Center, Hooper and Goodenough model the emission of the Galactic black hole Sgr A* as a power-law extrapolated from higher energy HESS observations. Comparing the FGST measurements to this background, Hooper and Goodenough found that it agrees very well with FGST data between 1.25
• − 2
• but found an excess in the observed gamma ray intensity within 1.25
• . It has been pointed out by Ref.
[2] however, that a simple power-law extrapolation of HESS data may understate the flux of the central point source Sgr A* as the slope of its spectrum may deviate from the constant HESS results below an energy of 100 GeV.
The authors of Ref. [1] showed that the increased gamma ray emissions are well described by annihilating dark matter that has a cusped halo profile (ρ ∝ r −γ , with γ = 1.18 to 1.33) provided that the dark matter satisfies three basic conditions. The conditions required of the dark matter are 1) that it have a mass between 7 − 10 GeV, 2) that it annihilate into τ -pairs most of the time, but into hadronic channels 15 − 40% of the time, and 3) that its total annihilation cross section yield a thermal average within the range σv = 4.6 × 10 In addition, other background related explanations for the gamma ray excess have been proposed such as the existence of a pulsar near the Galactic Center [3] . In this paper we proceed with the assumption that the analysis of Hooper and Goodenough is correct. The astrophysical and particle physics implications of this finding are discussed in Refs. [4, 5] .
In this paper we construct a dark matter model satisfying the above conditions by adding a singlet to the supersymmetric leptophilic Higgs model (SLHM) [6] . In the SLHM the up quarks, down quarks, and leptons, each receive mass from a separate Higgs doublet. For our purposes, the salient characteristic of the SLHM is that it endows the leptons with an enhanced coupling to one of the scalars. This provides a natural mechanism for dark matter particles to annihilate predominantly into τ -pairs. This model of dark matter is able to successfully account for the FGST observations, yields the correct relic density, and evades relevant collider bounds such as measurements of the Z width and direct production at LEP.
The idea of a leptophilic Higgs has been studied as a possible explanation for the e ± excess observed by PAMELA and ATIC in Ref. [7] . However, this entails a 100 GeV -1 TeV dark matter particle, while our model requires a light, O(10) GeV dark matter particle. There also exist some other models that can explain the Galactic Center gamma ray excess [8] .
In addition to explaining the FGST observations, such a model of light dark matter is also capable of describing observations by the CoGeNT [9] and DAMA collaborations [10] .
CoGeNT has recently reported direct detection signals that hint at the presence of O(10)
GeV dark matter compatible with the light dark matter interpretation of DAMA's annual event rate modulation. Ref. [11] showed that dark matter with a mass between 7 − 8 GeV that has a spin independent cross section approximately between σ SI = 1 × 10 −40 − 3 × 10 −40 cm 2 is consistent with both CoGeNT and DAMA signals. Although the XENON [12] and CDMS [13] collaborations challenge this report, Ref. [5] has pointed out that "zerocharge" background events lie in the signal region. The authors suggest that the bound could possibly be loosened if a modest uncertainty or systematic error is introduced in the energy scale calibration near the energy threshold. Although our model is able to explain the reported observations of the CoGeNT and DAMA collaborations, it is not dependent upon their validity. By simply moving to another region of parameter space our model can coexist with the absolute refutation of CoGeNT and DAMA while continuing to explain the FGST results and avoiding collider bounds.
Our paper is organized as follows. In Section II we introduce the setup of the model and calculate the mass matrices for the scalars and the neutralinos. In Section III we describe the process by which the dark matter annihilates into Standard model particles and calculate the relevant cross sections for a benchmark point in parameter space. We also show that the resultant relic density is consistent with current cosmological measurements. In Section IV we discuss possible direct detection and in Section V we discuss relevant bounds for this model and show that it is currently viable. Lastly, we conclude with Section VI and summarize the results of the paper.
II. THE MODEL
In this model the quark and lepton content is that of the MSSM. To this we add four Higgs doublets, H u , H d , H 0 , and H ℓ , with weak hypercharge assignment +1/2, −1/2, +1/2, and −1/2 respectively. The third Higgs doublet is necessary to achieve a leptonic structure, while the fourth doublet is required for anomaly cancelation. In order to avoid problems with the Z decay width, we introduce a singlet S that acts as O(10) GeV dark matter. The idea of adding a light singlet to the MSSM to act as dark matter was also considered in [14] , while the use of a singlet for other purposes such as solving the µ problem was first developed in [15] . The superpotential is given by 
The singlet S acquires the vev S = v s / √ 2 while the Higgs doublets acquire the vevs: 
In order to avoid increasing the Z width or violating other known bounds, we want the light dark matter to separate from the other neutralinos and be mostly singlinos, the fermionic component of the singlet S. This is accomplished by taking the parameters κ q and κ ℓ to be small, which eliminates most of the mixing between the singlino and the Higgsinos It is sufficient for κ q and κ ℓ to be O(10 −2 ), which is what we use in our numerical calculations (see Table I and II). Though the scalar mass matrices are quite complicated in general, they simplify considerably in the limit of vanishing κ q and κ ℓ . The numerical calculations in the sections that follow have been determined using the general matrices, but for compactness we present only the simplified matrices here. In the {h u , h d , h 0 , h ℓ , h s } basis, the neutral scalar mass matrix is given by
where the matrix M 2 is given by 
The matrix M 2 SLHM is the neutral scalar mass matrix from the ordinary SLHM, which can be found in [6] , while the matrices ∆M 
The pseudoscalar mass matrix, in the {a u , a d , a 0 , a ℓ , a s } basis, is similarly given by
where 
The chargino mass matrix, on the other hand, is rather simple even with nonvanishing κ q and κ ℓ . Lettingh u ,h d ,h 0 , andh ℓ denote the Higgsino gauge eigenstates, the chargino mass
Like the chargino mass matrix, the neutralino mass matrix is simple. The neutralino mass
When κ q and κ ℓ are small, the singlino part of the above matrix separates from the wino, bino, and higgsinos, and the singlino mass can be well approximated by The O(10) GeV LSP can be arranged with some tuning of the parameters in order to achieve a cancelation between λ 2 and the product κ s v s in Eq. (2.11). Though the smallness of κ q and κ ℓ is technically unnatural, we remind the reader that a possible mechanism to make them small is discussed in Appendix A.
In the following sections, we calculate the relevant cross sections and quantities of interest using benchmark points A and B, found in Tables I and II 
III. ANNIHILATION TO FERMIONS
In this section, we will show that this model can achieve the conditions needed to explain the gamma ray excess in the Galactic Center region. In order to calculate the dark matter cross section, we need the interactions between Higgs and fermions:
where m f j is the mass of the fermion f j , v f is the vev of f -type scalars, and j runs over the fermion generations. In the limit κ q , κ ℓ → 0, the higgs-higgsino-singlino interactions vanish.
We can expand σv in powers of the dark matter velocity squared v 2 :
Only the s-wave contribution to a is relevant in discussing the gamma ray excess coming from dark matter annihilation since the velocity of the dark matter in the Galactic Center region is relatively low. An exception to this is within the sphere of influence of the Milky Way supermassive black hole, but this region corresponds to only a fraction of an arc second and is below FGST accuracy. As we see later, a 1 is mostly singlet for benchmark points A and B. Therefore the s-wave contribution to dark matter annihilation to fermions comes mostly from the s-channel diagram involving an exchange of the lightest pseudoscalar a 1 given in Fig. 1 . It is approximately given by
where N c is the number of fermion colors, U 1f is the (1, f ) element of the pseudoscalar diagonalizing matrix and m a 1 is the mass of the lightest pseudoscalar. The s-wave contributions from heavier pseudoscalars are suppressed by larger masses as well as smaller mixings with the singlet. Moreover, s-channel scalar exchange diagrams are s-wave suppressed, i.e.
For benchmark point A, the dark matter mass is m χ 1 = 7.4 GeV. The physical dark matter can be expressed in terms of gauge eigenstates as:
We need a light pseudoscalar, O(10) GeV, to get a sizeable annihilation cross section. This Having the masses and mixing, we can calculate the total annihilation cross section into fermion pairs which gives
where the hadronic final states cross section is 23% of the total cross section and τ pairs final state makes up the rest. For benchmark point B given in Table II , the mass of dark matter is m χ 1 = 7.4 GeV and σv = 3.0 × 10 −26 cm 3 /s, with the hadronic final states make up 23% of it. The annihillation cross sections given above are within the range of suggested cross section for explaining the gamma ray excess in the Galactic Center region given in Ref.
[1].
In this model, dark matter annihilation into SM fermions given in Fig. 1 is also responsible for giving the dark matter the correct thermal relic abundance. To show this, we calculate the relic abundance which is given by [16] Ω
where
In the equation above, m P is the Planck mass and g * is the number of relativistic degrees of freedom at freeze-out. The freeze-out epoch x f is related to the freeze-out temperature T f by x f = m χ 1 /T f , and x f is determined by [16] x f = ln 0.0764
The value of c is usually taken as c = . Approximating g * to be a ladder function, we get that, for both of our benchmark points, the freeze-out epoch is x f = 21 and the relic abundance is
which agrees with the cosmologically measured abundance [17] . Since the freeze-out temperature happens to be around the QCD phase transition temperature, g * varies significantly over the change of temperature [18] and the result (3.8) can change up to O(1). However the relic density is in the correct ballpark, therefore we do not expect that the correction will invalidate our result. An adjustment of parameters can be done when taking into account of the variation of g * to get the correct density and annihilation cross section.
The benchmark points A and B serve as examples to show that in principle this model can explain the gamma ray excess in the Galactic Center region. However, the excess could also be obtained by some other regions in the parameter space as shown in the Appendix B. One could do a scan on the parameter space to find the favored region of the model.
Note that in our relic density calculation, we have neglected possible chargino and sfermion contributions coming from resonance and coannihilation effects. This is because the charginos have masses O(100) GeV for all of our benchmark points, and we assume that the sfermion masses are at least O(100) GeV, which is consistent with current LEP bounds.
IV. DIRECT DETECTION
Having shown that this model can account for the gamma ray excess in the Galactic
Center region, we now discuss direct detection of dark matter of this model. In this section, we will consider constraints from the search for spin independent, elastic scattering of dark matter off target nuclei. The most relevant contribution for the cross section is given by the t-channel scalar exchange diagram with the effective Lagrangian:
In our benchmark points, the only relevant contribution to dark matter detection comes from the lightest scalar and α q can be approximated by
where m q is the mass of quark q, v q is the scalar vev associated with quark flavor q, V 1q is the (1, q) element of the scalar diagonalizing matrix, and m h 1 is the mass of the lightest scalar.
Given the partonic interaction between dark matter and quarks, we can follow Ref. [19] to get the effective interaction with nucleons:
where f p and f n are related to α q through the relation [19] 
We can approximate f p ≈ f n since f T s is larger than other f T q 's and f T g . For the purpose of comparing the predicted cross section with existing bounds, we evaluate the cross section for scattering off a single nucleon. The result can be approximated as
where m r is nucleon-dark matter reduced mass 1/m r = 1/m n + 1/m χ 1 .
We are now ready to show that benchmark point A can explain signals reported by
CoGeNT [9] and DAMA [10] . For this benchmark point, the lightest scalar mass is m h 1 = 11.3 GeV. This lightest scalar is mostly singlet and its mixing with other scalars is given by
As in the case of pseudoscalar, contributions from higher mass scalars are suppressed by their masses and their mixings with the singlet. The spin independent cross section for the benchmark point now can be calculated and is given by
which is inside the CoGeNT and DAMA favored region [11] .
Similarly, we can show that benchmark point B given in Table II has the lightest scalar mass m h 1 = 41.5 GeV and spin independent cross section σ SI = 1.2 × 10 −42 cm 2 . This cross section is two orders of magnitude lower than the present CDMS and XENON bound [12, 13] .
V. BOUNDS ON THE MODEL
In this section we discuss various collider bounds that apply to the model. We will spend most of the discussions in this section for the benchmark point A given in Table I . The bounds for benchmark point B as well as the summary of the bounds for benchmark point A are given in Table III. In this model, the decays Z → χ 1 χ 1 and Z → h 1 a 1 are allowed kinematically. The Z decay width has been measured precisely and is given by Γ = 2.4952 ± 0.0023 GeV [21] .
Corrections to the decay width can be used as a bound on the mixing between the singlet and the Higgs sector. The partial decay width of Z → χ 1 χ 1 is given by
where G F is the Fermi constant, m Z is Z mass, and θ χ is given by 
where σ h i a j is the h i a j production cross section and σ ref is the reference cross section defined in Ref. [23] .
In the equation above, W f 1 is the (f, 1) element of the neutralino diagonalizing matrix. The decay width of Z → h 1 a 1 is given by
and
(5.5)
For the benchmark point, the partial decay widths in both cases are given by 6) which is well within the measurement error.
Another bound on the model comes from scalar and pseudoscalar direct production at LEP. At LEP a light scalar can be produced by Higgsstrahlung process e + e − → Z → Zh 1 .
Ref. [22] gives a bound on the coupling strength of Z pairs to scalars regardless of the scalar's decay mode. The bound is given in terms of the quantity
In our model, k(m h ) is given by 8) and its value for the lightest scalar at our benchmark point is
The bound on k(m h ) for the benchmark point h 1 mass is given by is given by 11) which is lower than the bound, S 95 ∼ O(10 −2 ), in both cases.
We note that the lightest chargino mass is 118 GeV for the benchmark point, which exceeds the PDG bound of 94 GeV [21] . In the case of a long lived chargino however, the bound can be made much stronger and is currently at 171 GeV. We have calculated the lifetime of the chargino in our model assuming a stau mass of 110 GeV and have found that it is short lived, thus this latter bound is not of concern. We should point out however, that our analysis has been done at tree level. Loop corrections could change these results but are beyond the scope of this paper.
Finally, we need to calculate the bound on neutralino productions. Ref. [24] discusses the bound on production of the lightest and second to lightest neutralinos at LEP,
where χ 2 decays into χ 1 ff . Assuming that the selectron is much heavier than the Z, the main contribution comes from s-channel Z exchange. For our benchmark point, we calculate the cross section to be σ e + e − →χ 1 χ 2 = 1 × 10 −5 pb, (5.12) while the bound is O(0.1) pb. A summary of all these bounds is given in Table III .
The light particles are mostly singlet and have very little mixing with the Higgs sector.
This make the particles unlikely to be produced at near future experiments. However the heavier sector has a richer phenomenology. For example, heavier scalars are mostly h u , h d , h 0 , and h ℓ therefore they have a better chance of being detected in future colliders [6] .
VI. CONCLUSIONS
In this paper, we have presented a supersymmetric model of 7 − 10 GeV dark matter, which is capable of describing the FGST observations. In a recent analysis of FGST data,
Hooper and Goodenough found an excess in gamma ray emission from within 1.25
• of the Galactic Center. They showed that this can be explained by annihilating dark matter if the dark matter has a mass between 7 − 10 GeV, annihilates into τ -pairs most of the time, but into hadronic channels the other 15 − 40% of the time, and σv falls within the range 4.6 × 10 −27 − 5.3 × 10 −26 cm 3 /s [1] . Our model achieves these requirements by minimally extending the SLHM to include a scalar singlet whose superpartner is the dark matter particle. Due to the Yukawa structure of the SLHM the scalar particles mediating the dark matter annihilation have an enhanced coupling to leptons. This provides a natural means for satisfying the second requirement put forward by Hooper and Goodenough.
We have shown that this model produces the correct dark matter thermal relic density and is consistent with current collider bounds. In addition, we have shown that this model is consistent with the direct detection signals reported by both CoGeNT and DAMA for certain regions of parameter space, while for other regions of parameter space, the model yields a spin independent cross section far below the present CDMS bound, but maintains the right relic density and continues to explain the FGST observations. Thus our model is fully able to accommodate the results reported by CoGeNT and DAMA in the case of their vindication, but it is in no way contingent upon their validity.
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Appendix A: Breaking Terms
In this appendix, we discuss a possible source of the terms in V soft that break the Z 2 symmetry of the superpotential. Generally, one can imagine such breaking terms arising from the F -term of some hidden sector superfield receiving a vacuum expectation value. To be more specific, we consider a possible scenario that results in such breaking terms and also explains the smallness of κ q and κ ℓ . In this scenario there is a hidden sector, which contains the six fields X 01 , X 02 , X q1 , X q2 , X ℓ1 and X ℓ2 . The F -terms of the fields receive vevs
so that
is at the TeV scale. The index i denotes 01, 02, q1, q2, ℓ1, and ℓ2. A Z 3q × Z 3ℓ symmetry is imposed, under which the fields transform according to 
